To elucidate the mechanisms of immunostimulation by bacterial DNA and synthetic oligonucleotides, the effects of heat shock protein 90 (Hsp90) inhibitors on the activation of murine spleen cells and macrophages by these molecules were investigated. Murine spleen cells and J774 and RAW264.7 macrophages responded to a CpG-containing oligodeoxynucleotide (CpG ODN) and Escherichia coli DNA by increased production of interleukin 6 (IL-6), IL-12, tumor necrosis factor alpha, and nitric oxide (NO). Pretreatment with any of the three Hsp90 inhibitors geldanamycin, radicicol, and herbimycin A resulted in a dose-dependent suppression of cytokine production from the spleen cells and macrophages and of NO from macrophages stimulated with CpG ODN or E. coli DNA. These Hsp90 inhibitors, however, had no effect on Staphylococcus aureus Cowan strain 1-induced IL-12 production from either the murine spleen cells or macrophages. CpG ODN and E. coli DNA induced increased intracellular levels of phosphorylated extracellular signal-regulated kinases (ERK1 and -2), which are members of the mitogen-activated protein (MAP) kinase family, while geldanamycin and radicicol blocked the phosphorylation of ERK1 and -2 in J774 and RAW264.7 cells. These data indicate that DNA-induced activation of murine spleen cells and macrophages is mediated by Hsp90 and that Hsp90 inhibitor suppression of DNA-induced macrophage activation is associated with disruption of the MAP kinase signaling pathway. Our findings suggest that Hsp90 inhibitors may provide a useful means of elucidating the mechanisms of immunostimulation by bacterial DNA and CpG ODN as well as a strategy for preventing adverse effects of bacterial DNA as well as lipopolysaccharide.
DNA is a complex macromolecule whose biological activities encompass immune activation. Depending on base sequence and backbone structure, DNA can cause potent immune response stimulation, with DNAs from bacteria displaying activities similar to those of lipopolysaccharide (LPS) (13, 15, 16, 20, 33, 37 ; T. Sparwasser, T. Miethke, G. Lipford, K. Borschert, H. Hacker, K. Heeg, and H. Wagner, Letter, Nature 386:336-337, 1997). These activities result from short sequence motifs called CpG motifs or immunostimulatory sequences that have the general structure of two 5Ј purines, an unmethylated CpG motif, and two 3Ј pyrimidines (15, 39) . These sequences occur much more commonly in bacterial DNA than in mammalian DNA and provide a signal that, in code-like fashion, can activate the innate immune system (2, 14, 24) . In addition to natural DNA, synthetic oligodeoxynucleotides (ODN) with CpG motifs (collectively known as CpG DNA) display immune activities, providing the basis for new classes of adjuvants and immunomodulators (7, 15, 23, 28) .
While CpG DNA exerts widespread effects on immune cells, the mechanisms for its action are unclear. Current data indicate that DNA must be internalized for stimulation of murine cells (15, 18) and that CpG DNA-induced intracellular signaling includes the activation of mitogen-activated protein (MAP) kinases and the transcription factor NF-B (10, 33, 42) . The nature of the internal receptor that binds DNA matter is unknown, although both DNA-dependent protein kinase and Toll-like receptor 9 may have a role in this process (6, 12) .
Whatever the internal receptor for DNA, cellular uptake by CpG DNA is required for its activation; this process appears to be independent of sequence and occurs by endocytosis (15, 18) .
To assess further the mechanisms of stimulation by CpG DNA, we have explored the role of heat shock protein 90 (Hsp90) in immune cell activation. Hsp90, a member of the heat shock protein family, is a ubiquitous molecular chaperone present in the cytoplasms of all eukaryotic cells (3) . Through its role in protein folding, Hsp90 constitutes an essential component in several signaling transduction systems, including nuclear receptors for steroid hormones, such as glucocorticoids, progesterone, and estrogen, and a variety of protein kinases, such as Raf, extracellular signal-regulated kinases (ERK), and MAP-ERK kinase (MEK) in the MAP kinase family (26) . Studies have shown that Hsp90 plays a crucial role in LPS-mediated macrophage activation (4) and anti-CD3-and -CD28-mediated T-lymphocyte activation (17, 29) .
Because of the similarity of immune activation by CpG DNA and LPS, we questioned whether Hsp90 is involved in immune stimulation by CpG DNA. To determine the role of Hsp90 in immune stimulation by DNA, we tested the in vitro effects of three inhibitors of Hsp90, geldanamycin, radicicol, and herbimycin A, previously known as protein tyrosine kinase inhibitors (27) . These inhibitors, while differing structurally, all bind Hsp90 and inhibit its chaperone function for signaling proteins in the MAP kinase pathway (30, 32, 41) . With data presented herein with murine cell preparations, we show that Hsp90 inhibitors can block the production of interleukin 6 (IL-6), IL-12, tumor necrosis factor alpha (TNF-␣), and nitric oxide (NO) induced by CpG-containing ODN (CpG ODN) and bac-terial DNA. We further show that the Hsp90 inhibitors block phosphorylation of the MAP kinases ERK1 and -2 under these conditions. These findings emphasize the important role of Hsp90 in immune stimulation by CpG DNA and provide further evidence for common activation pathways by LPS and CpG DNA.
MATERIALS AND METHODS
Synthetic oligonucleotides and bacterial and mammalian DNA. Phosphorothioate oligonucleotides were purchased from Midland Certified Reagent Company (Midland, Tex.). The sequences for a CpG ODN (5Ј-TCCATGACGTTC CTGACGTT-3Ј) and a non-CpG-containing ODN (non-CpG ODN) (5Ј-TCCA TGAGCTTCCTGAGTCT-3Ј) were taken from reference 5. Escherichia coli DNA and calf thymus DNA (CT DNA) were purchased from Sigma Chemical Co. (St. Louis, Mo.).
To prepare fluorescently labeled oligonucleotides, oligonucleotides containing an amino terminus were mixed with fluorescein isothiocyanate (FITC; Sigma Chemical Co.) in a ratio of 0.1 mg of FITC to 10 mg of oligonucleotide in carbonate-bicarbonate buffer, pH 9.5. After a 2-h reaction at room temperature, unreacted FITC was removed by gel filtration through a Sephadex G-25 column (Amersham Pharmacia Biotech, Piscataway, N.J.) followed by ethanol precipitation.
Mice. BALB/c mice were purchased from the Jackson Laboratory (Bar Harbor, Maine) and were housed under conventional conditions in the animal facility of the Durham Veterans Administration Hospital.
Cell culture. The murine macrophage cell lines J774 and RAW264.7 (American Type Culture Collection, Manassas, Va.) were maintained in a culture medium consisting of RPMI 1640 medium (Life Technologies, Grand Island, N.Y.) supplemented with 10% fetal bovine serum (HyClone, Logan, Utah) and 50 g of gentamicin per ml. To prepare single-cell suspensions of spleen cells, the spleens were removed aseptically from BALB/c mice and nonstromal cells were expressed with flame-sterilized microscope slides into RPMI 1640 medium. The cell suspension was centrifuged at 400 ϫ g for 5 min. The cell pellet was resuspended in lysis medium (1 volume of 0.17 M Tris [pH 7.6], 9 volumes of 0.16 M NH 4 Cl) to eliminate red blood cells and repelleted. Cells were then washed twice with RPMI 1640 medium and were suspended in the culture medium.
Activation of murine spleen cells and macrophages. Spleen cells (1 ϫ 10 6 /well) or J774 and RAW264.7 cells (5 ϫ 10 4 /well) in 96-well culture plates were pretreated with medium alone or a range of doses (0.01 to 1 g/ml) of geldanamycin (A.G. Scientific, Inc., San Diego, Calif.), radicicol (Sigma Chemical Co.), and herbimycin A (Sigma Chemical Co.) at 37°C for 1 h, followed by further incubation with synthetic or natural DNA (10 g/ml) for up to 48 h, with the Hsp90 inhibitors being continuously present. In some experiments, spleen cells and macrophages were stimulated with 0.1% (wt/vol) killed Staphylococcus aureus Cowan strain 1 organisms purchased from Sigma Chemical Co. The Hsp90 inhibitors were continuously present during the whole incubation period in all our experiments in this study.
To assess the time course of cellular activation, culture supernatants were collected at different time points and kept at Ϫ20°C for later assays for cytokines and nitrite (NO 2 Ϫ ), the stable metabolite of NO. The cell viability of the spleen cells and macrophages subjected to the above-described treatments was assessed by the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay (21) . All three Hsp90 inhibitors showed minimal effects on the viability of these cells at the dose range (0.01 to 1 g/ml) used in the present study, although considerable reduction of growth was observed in cells treated with 5-to 10-fold-higher doses of the compounds in our preliminary experiments (data not shown).
Cytokine ELISA. IL-6, IL-12, and TNF-␣ levels in the supernatant samples were measured by enzyme-linked immunosorbent assay (ELISA) as previously described (11) . Briefly, ELISA plates (Immulon II HB; Dynex Technologies, Chantilly, Va.) were prepared by coating each well with 100 l of capture antibody diluted to 1 to 5 g/ml in phosphate-buffered saline (PBS; pH 8.5). After overnight incubation at 4°C, the plates were washed with PBS (pH 7.4) using an automated plate washer (Skatron Instruments Inc., Sterling, Va.). One hundred microliters of the culture supernatants diluted in PBS (pH 7.4) containing 0.5% bovine serum albumin and 0.5% Tween 20 (Sigma Chemical Co.) was added to each well. Recombinant cytokines were diluted in duplicate and run on each plate as standards.
Diluted samples and standards were allowed to incubate for 2 h at room temperature. After washing of the plates, 100 l of diluted biotinylated detection antibody (0.1 to 1 g/ml) was added to each well. Following another 2-h incubation at room temperature, the plates were washed and 100 l of diluted peroxidase avidin conjugate (Zymed, San Francisco, Calif.) was added to each well. After a 30-min incubation, plates were washed and 100 l of 0.1 M sodium citrate buffer (pH 4.0) containing 0.015% 3,3Ј,5,5Ј-tetramethylbenzidine hydrochloride and 0.01% hydrogen peroxide (Sigma Chemical Co.) was added. Plates were read at 380 nm with a microtiter plate reader (Molecular Devices, Menlo Park, Calif.), and cytokine concentrations were derived from standard curves. All the capture and detection antibodies for the cytokine ELISA described here were purchased from PharMingen (San Diego, Calif.).
Nitrite assay. NO production in the supernatant samples was quantified by using the Griess method (35) to measure nitrite, a stable breakdown product of NO. Briefly, 50-l samples were transferred to a 96-well microtiter plate, followed by the addition of 100 l of Griess reagent I (1% sulfanilamide in 2.5% phosphoric acid) and 100 l of Griess reagent II (0.1% naphthylenediamine in 2.5% phosphoric acid). The absorbency was read within 5 min at 550 nm on a microtiter plate reader. Nitrite concentrations were calculated by comparison with a standard curve for sodium nitrite.
Immunoblotting analysis. J774 or RAW264.7 cells (5 ϫ 10 6 /well) were cultured in a six-well culture plate and pretreated with 1 g of geldanamycin, radicicol, or herbimycin A per ml for 1 h, followed by stimulation with 10 g of CpG ODN or E. coli DNA per ml or 1 g of LPS per ml in the presence of the Hsp90 inhibitors for 30 min. For controls, cells were treated with medium alone or 10 g of non-CpG ODN or CT DNA per ml. The stimulation was stopped by adding a 3-ml/well solution of cold PBS (pH 7.4) containing 1 mM Na 3 VO 4 . The cells were lysed on ice for 10 min with 300 l of lysis buffer (25 mM HEPES, 300 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.1% Triton X-100, 5 mM Na 3 VO 4 , 10 mM NaF, 50 g of leupeptin per ml, 50 g of pepstatin A per ml, 1 mM phenylmethylsulfonyl fluoride, and 0.5 mM dithiothreitol) per well. The lysates were cleared by centrifugation at 16,000 ϫ g for 15 min in a cold room, and protein concentrations were determined by the Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, Calif.). The lysates (10 g of protein/lane) were subjected to 12% polyacrylamide gel electrophoresis and transferred to Hybond enhanced-chemiluminescence (ECL) nitrocellulose membranes (Amersham Pharmacia Biotech). The membranes were blocked in 5% nonfat dry milk-0.1% Triton X-100-Tris-buffered saline (pH 6.8), followed by staining with monoclonal anti-mouse phosphorylated ERK1 and -2 (dilution, 1:200) purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.). After being washed with 0.1% Tween 20-Tris-buffered saline three times, the membranes were incubated with horseradish peroxidase-conjugated anti-mouse whole-molecule immunoglobulin G (dilution, 1:5,000; Sigma Chemical Co.). The specific bands were detected with an ECL Western blotting detection kit and Hyperfilm-ECL according to the instructions of the manufacturer (Amersham Pharmacia Biotech).
Confocal microscopy. J774 cells were cultured on glass slide coverslips in a six-well plate overnight. The cells were pretreated with medium alone or 1 g of geldanamycin per ml at 37°C for 1 h, followed by incubation with 10 g of FITC-labeled CpG ODN or non-CpG ODN per ml or 1 g of FITC-labeled LPS (Sigma Chemical Co.) per ml at 37°C for 30 min. After three washes with cold 0.5% bovine serum albumin with 0.1% NaN 3 in PBS, the slides were viewed for intracellular distribution of labeled oligonucleotides or LPS under a laser confocal microscope (LSM 510; Carl Zeiss, Oberkochen, Germany).
Statistical analysis. Statistical analysis was performed with a paired Student t test to compare the cytokine and nitrite levels of stimulated cells treated with Hsp90 inhibitors with those of the cells not treated with the inhibitors.
RESULTS
Hsp90 inhibitors block cytokine production by murine spleen cells. To determine the role of Hsp90 in mediating cell activation by CpG DNA, we first tested the effects of the Hsp90 inhibitor geldanamycin on activation of murine spleen cells in culture. Spleen cells were treated with various doses of geldanamycin for 1 h, followed by stimulation with 10 g of CpG ODN or E. coli DNA per ml for 12 h. For negative controls, cells were treated in parallel with medium or geldanamycin alone or with 10 g of non-CpG ODN or CT DNA per ml. For positive controls, cells were treated with 10 g of LPS per ml.
As shown in Fig. 1 (upper panel) , murine spleen cells treated with CpG ODN and E. coli DNA showed increased production of IL-12 while non-CpG ODN and CT DNA at the same dose were inactive. Treatment of the spleen cells with 0.01 to 1 g of geldanamycin per ml resulted in a dose-dependent inhibition of IL-12, while geldanamycin alone had no effect on cytokine production. To confirm the results with geldanamycin, spleen cells were treated with two different Hsp90 inhibitors, radicicol and herbimycin A, as well as geldanamycin. Radicicol significantly blocked IL-12 production, while herbimycin A did not affect IL-12 production under these conditions (Fig. 1,  middle panel) . These results suggest possible differences among these inhibitors in their actions.
Under the same conditions, geldanamycin, radicicol, and herbimycin A inhibited production of IL-6 and TNF-␣ from spleen cells stimulated with CpG ODN or E. coli DNA (data not shown). Similarly, these reagents blocked cytokine production by spleen cells stimulated with LPS, as 0.1 g of geldanamycin, radicicol, and herbimycin A per ml blocked IL-12 production by 80, 87, and 56%, respectively, in murine spleen cells stimulated with 10 g of LPS per ml for 12 h. These results indicate that inhibition of Hsp90 has significant effects on cytokine production by murine spleen cells.
Hsp90 inhibitors block cytokine and NO production by murine macrophage cell lines. To assess the role of Hsp90 in CpG DNA-induced macrophage activation, we treated J774 cells with 0.01 to 1 g of geldanamycin per ml for 1 h, followed by stimulation with CpG ODN or E. coli DNA for 12 h. CpG ODN or E. coli DNA at 10 g/ml induced IL-12 production, while neither non-CpG ODN nor CT DNA was active (Fig. 1,  lower panel) . Geldanamycin significantly blocked the production of IL-12 in a dose-dependent fashion (Fig. 1, lower panel) . This Hsp90 inhibitor also affected production of IL-6 and TNF-␣ stimulated by CpG DNA as well as IL-6 and IL-12 and TNF-␣ production from J774 cells stimulated with 1 g of LPS per ml (data not shown).
We further examined the time course for geldanamycinmediated inhibition of cytokine production from J774 cells stimulated with CpG ODN. As shown in Fig. 2, 10 g of CpG ODN per ml stimulated J774 cells to produce increased levels of IL-6, IL-12, and TNF-␣ in a time-dependent fashion, while geldanamycin at a dose of 0.1 g/ml significantly blocked the production of the cytokines from 12 to 24 h.
NO is an important inflammatory mediator that is produced by monocytes and macrophages in response to LPS and other stimuli (40) . A previous study showed that macrophages respond to the stimulation by plasmid DNA by increased expression of nitric oxide synthase (33) . In the present study, J774 cells were stimulated with 10 g of CpG ODN per ml in the presence or absence of geldanamycin, radicicol, or herbimycin A for 48 h. CpG ODN induced an increased production of nitrite, an indicator of NO, while all three Hsp90 inhibitors significantly blocked nitrite production in a dose-dependent fashion (Fig. 3) . The three Hsp90 inhibitors had similar effects on IL-6, IL-12, TNF-␣, and NO production from RAW264.7 cells stimulated with CpG ODN or E. coli DNA (data not shown).
Effects of Hsp90 inhibitors on S. aureus Cowan strain 1-induced activation of murine spleen cells and macrophages.
To assess the specificity of inhibition of the Hsp90 inhibitors, we stimulated murine spleen cells and J774 cells with a 0.1% concentration of killed S. aureus bacteria (S. aureus Cowan strain 1) as well as 10 g of CpG ODN or E. coli DNA per ml in the presence or absence of geldanamycin or radicicol. These two Hsp90 inhibitors significantly blocked CpG DNA-induced IL-12 production but did not significantly affect S. aureus Cowan strain 1-induced cytokine production by spleen cells (Fig. 4) . In a similar fashion, geldanamycin failed to block S. aureus Cowan strain 1-induced IL-12 and nitrite production by J774 cells, while it significantly inhibited CpG ODN-induced IL-12 and nitrite production ( geldanamycin, although both of the Hsp90 inhibitors showed some inhibition of IL-6 and TNF-␣ production by murine spleen cells and macrophages (data not shown). These observations support the notion that Hsp90 inhibitors do not uniformly inhibit cellular activation.
Effects of Hsp90 inhibitors on CpG ODN-induced phosphorylation of ERK1 and -2. ERK1 and -2 constitute one family of MAP kinases that are downstream effector kinases in a signaling pathway activated by a wide range of extracellular stimulants, including LPS and CpG-containing oligonucleotides (10, 19) . In the present study, increased levels of phosphorylated ERK1 and -2 were detected in J774 cells stimulated by 10 g of CpG ODN or E. coli DNA per ml or 1 g of LPS per ml for 30 min (Fig. 6 ) while non-CpG ODN and CT DNA at the same dose were inactive (data not shown). Pretreatment with 1 g of geldanamycin per ml resulted in the suppression of phosphorylated ERK1 and -2 levels in J774 cells stimulated with CpG ODN, E. coli DNA, or LPS (Fig. 6) . Similarly inhibitory effects on CpG DNA-induced activation of ERK1 and -2 were also observed in RAW264.7 cells pretreated with geldanamycin (data not shown). Another Hsp90 inhibitor, radicicol (1 g/ml), displayed similarly inhibitory effects on the phosphorylation of ERK1 and -2 in both J774 and RAW264.7 cells stimulated with CpG ODN, E. coli DNA, and LPS (data not shown).
Effect of geldanamycin on CpG ODN internalization. Since the internalization of CpG DNA is necessary for cell activation (15, 18) , we asked whether Hsp90 inhibitors exerted their inhibitory effects by blocking the cellular uptake of CpG DNA. As shown in Fig. 7, geldanamycin (1 g/ml) had no major effect on the uptake or intracellular distribution of fluorescently labeled CpG ODN (10 g/ml) in J774 cells. Geldanamycin also had a minimal effect on the internalization of fluorescently labeled LPS (1 g/ml), which has CD14-dependent and -independent pathways for its uptake (data not shown) (38) . These results indicate that the inhibitory effects of geldanamycin are 
DISCUSSION
The results presented herein clarify mechanisms of immune activation by CpG ODN and bacterial DNA as well as the role of Hsp90 in signal transduction induced by foreign molecules. As shown in in vitro experiments, three Hsp90 inhibitors, geldanamycin, radicicol, and herbimycin A, all inhibited CpG DNA-induced responses in murine spleen cells and J774 and RAW264.7 cells, although there were some differences in the effects of these compounds depending on the cell system. Furthermore, these compounds, while not affecting DNA uptake, blocked activation of the MAP kinase family. Taken together, these results suggest that Hsp90 plays a key role in mediating the stimulatory effects of CpG ODN and E. coli DNA on murine spleen cells and macrophages.
Heat shock proteins are a set of ubiquitous proteins present in the cytoplasms of all eukaryotic cells. Based on their molecular weights and function, these proteins are characterized as Hsp100, Hsp90, Hsp70, Hsp60, Hsp40, and small Hsp (1). Hsp90 plays an essential role in cell signal transduction by forming multimolecular complexes with several signal proteins, including the protein kinases Raf, ERK, and MEK in the MAP kinase signaling pathway (26, 34) . Receptors for a variety of extracellular stimulants including LPS transduce signals via the MAP kinase pathway, with activation of this pathway involving the cascade Raf3MEK3ERK and nuclear translocation of transcription factors such as NF-B.
As probes of this pathway, we have used a number of Hsp90 inhibitors that differ in their chemical compositions. Both geldanamycin and herbimycin A belong to the benzoquinone ansamycin family, while radicicol is a macrocyclic antibiotic (8, 9, 22) . These compounds inhibit the function of Hsp90 by binding to its NH 2 -terminal domain, leading to disruption of the Raf-Hsp90 complexes and depletion of Raf (30) . As a result, the activation and phosphorylation of the MAP kinases ERK1 and -2 is inhibited, leading to the blockade of the MAP kinase signaling pathway (32) .
In the present study, CpG ODN and E. coli DNA induced IL-6, IL-12, TNF-␣, and NO in murine spleen cells and macrophage cell lines. As shown by immunoblotting analysis, stimulation by these agents was associated with the activation of the MAP kinase pathway, resulting in elevated levels of phosphorylated ERK1 and -2 in J774 and RAW264.7 cells. These observations are consistent with previous findings on the induction of cytokines and ERK1 and -2 phosphorylation in murine macrophages stimulated with either bacterial DNA or CpG-containing oligonucleotides (10, 31) . With treatment of spleen cells or macrophages with Hsp90 inhibitors, however, there was a dose-dependent inhibition of the cytokine and NO production induced by CpG ODN and E. coli DNA depending on the cell system. We further observed that pretreatment with geldanamycin or radicicol resulted in reduced levels of phosphorylated ERK1 and -2 in stimulated J774 or RAW264.7 cells. Since the reduction in activated ERK1 and -2 was correlated with reduced production of cytokines and NO, these data suggest a critical role for Hsp90 in the MAP kinase- mediated signal transduction pathway in CpG DNA-stimulated murine macrophages.
In concert with a previous study (4), our findings provide evidence for a similarity in the mechanisms of immune stimulation by LPS and CpG DNA. Both LPS and CpG DNA utilize a Toll-like receptor and MyD88 to induce a range of cell responses, including activation of the MAP kinase cascade and the nuclear translocation of NF-B (12, 25) . Since Hsp90 inhibitors can affect activation by both LPS and CpG DNA, our findings suggest the utilization of a common signaling pathway by these bacterial products; they do not exclude, however, the roles of signaling pathways that are not closely associated with Hsp90 but may be activated by CpG DNA.
Compared with the inhibition of CpG DNA-induced responses by geldanamycin and radicicol, the Hsp90 inhibitors had much less effect on the IL-12 and NO production induced by S. aureus Cowan strain 1. Although activation by S. aureus Cowan strain 1 may involve a variety of immunostimulatory components (e.g., protein A, peptidoglycan, and lipoteichoic acid), the effects of Hsp90 inhibitors observed in this study point to specific effects on the cell activation triggered by immunostimulatory DNA and LPS rather than a global inhibition of spleen cell and macrophage function. Observations from our confocal microscopic experiment indicate further that the inhibitory effects of the Hsp90 inhibitors are not likely mediated through blocking the internalization of CpG ODN, since geldanamycin did not influence the uptake or intracellular distribution of fluorescently labeled CpG ODN.
While indicating the utility of Hsp90 inhibitors in elucidating the signaling pathway in cell activation (26) , our findings are also relevant to disease treatment. The ability of Hsp90 inhibitors to suppress immune cell activation and cytokine production suggests strategies to block immune-mediated diseases, including autoimmunity, by interdicting these signaling pathways. Indeed, one recent report showed that geldanamycin suppressed the progression of adjuvant-induced arthritis in rats (36) . Studies are therefore in progress to investigate further the role of bacterial DNA in the pathogenesis of autoimmune and inflammatory diseases and to develop approaches to overcome its deleterious actions. FIG. 6 . DNA-mediated activation of the MAP kinases ERK1 and -2 and their inhibition by geldanamycin in murine macrophages. J774 cells were pretreated with or without 1 g of geldanamycin per ml for 1 h and then stimulated with 10 g of CpG ODN (CpG) or E. coli DNA (EC) per ml or 1 g of LPS per ml in the presence or absence of geldanamycin for 30 min. Cell lysates were analyzed for the presence of phosphorylated ERK1 and -2 by immunoblotting. Membranes were exposed using ECL, the images were scanned, and optical densities were determined. Values are presented as the fold increases in optical density against that of a medium control without geldanamycin treatment (Med). The data are representative of four separate experiments. 
